The mechanism of bacterial gliding motility (active movement over surfaces without the aid of flagella) is not known. A large number of mutants of the gliding bacterium Flavobacterium johnsoniae (Cytophaga johnsonae) with defects in gliding motility have been previously isolated, and genetic techniques to analyze these mutants have recently been developed. We complemented a nongliding mutant of F. johnsoniae (UW102-99) with a library of wild-type DNA by using the shuttle cosmid pCP26. The complementing plasmid (pCP200) contained an insert of 26 kb and restored gliding motility to 4 of 50 independently isolated nongliding mutants. A 1.9-kb fragment which encompassed two genes, gldB and gldC, complemented all four mutants. An insertion mutation in gldB was polar on gldC, suggesting that the two genes form an operon. Disruption of the chromosomal copy of gldB in wild-type F. johnsoniae UW101 eliminated gliding motility. Introduction of the gldBC operon, or gldB alone, restored motility. gldB appears to be essential for F. johnsoniae gliding motility. It codes for a membrane protein that does not exhibit strong sequence similarity to other proteins in the databases. gldC is not absolutely required for gliding motility, but cells that do not produce GldC form colonies that spread less well than those of the wild type. GldC is a soluble protein and has weak sequence similarity to the fungal lectin AOL.
The mechanism of bacterial gliding motility has been an unsolved mystery for over 100 years (45) . Gliding motility is defined as smooth translocation of cells over surfaces, generally following the long axes of the cells. Gliding bacteria lack flagella. They produce distinctive colonies with multicellular flares at the spreading edges. A variety of mechanisms have been proposed to explain bacterial gliding motility, but no single model has emerged that explains all of the observations made on the many different gliding bacteria that have been studied (7, 19, 29, 42, 51) . Bacteria capable of gliding motility are found in many of the branches of the eubacterial phylogenetic tree, and it is possible that bacteria from different branches use different mechanisms to glide over surfaces.
Flavobacterium johnsoniae (formerly Cytophaga johnsonae [4] ) is a common soil and aquatic bacterium that exhibits rapid gliding motility (29) . The cells glide at rates of up to 600 m/min over glass surfaces and up to 60 m/min over agar surfaces (29) . F. johnsoniae is a member of the CytophagaFlavobacterium-Bacteroides group of bacteria. This large and diverse assemblage of gram-negative organisms contains numerous bacteria that exhibit gliding motility. F. johnsoniae has become an attractive model organism for studies of bacterial gliding because of its rapid motility and the ease with which it can be cultivated. Pate and colleagues isolated a large number of nongliding mutants of F. johnsoniae (8, 50) . Unlike wild-type F. johnsoniae, these mutants form nonspreading colonies under all conditions of cultivation tested. They also lack the single-cell gliding movements that are observed with wild-type cells. Techniques to genetically manipulate F. johnsoniae were recently developed and used to identify one gene, gldA, that is required for gliding motility (2, 26, 27) . GldA exhibits sequence similarity to ATP-binding cassette transport proteins, but its exact role in gliding motility has not yet been determined. Here we report the identification and characterization of two additional genes, gldB and gldC, that are involved in F. johnsoniae gliding motility. gldB is required for gliding motility. gldC is not required for gliding motility, but cells that do not produce GldC form colonies that spread less well than the wild type.
and spotted on CYE medium containing 20 g of agar per liter and 5 mM CaCl 2 . (The addition of CaCl 2 to the medium was found to increase conjugative DNA transfer efficiency.) Following overnight incubation at 30°C, cells were scraped off the plates, diluted in TC buffer (27) , and plated on PY2 medium containing 100 g of erythromycin per ml. Colonies were examined after incubation for 2 to 3 days at 25°C.
Subcloning of pCP200. The 26-kb insert from cosmid pCP200, which complemented the nongliding mutant UW102-99, was subcloned using standard proce-FIG. 1. Maps of the F. johnsoniae-E. coli shuttle cosmids pCP22 and pCP26. (37) . A 2.1-kb BglII fragment of pCP200 was inserted into the BamHI site of pBC SK(ϩ) to generate pCP216. Nested deletions of this fragment for sequencing were obtained by digesting pCP216 with XbaI and SacI followed by partial exonuclease III digestion, S1 nuclease digestion, and ligation. A 1.9-kb fragment of DNA spanning the gldBC operon was obtained by digestion of pCP200 with XbaI and partial digestion with ClaI. This fragment was inserted into pBC SK(ϩ) to generate pDH222, excised as an XbaI-SalI fragment, and ligated into pCP11 to generate pDH223. The 1.9-kb gldBC region of pDH222 was also inserted as a XbaI-KpnI fragment into pCP23 to form pDH233.
PCR amplification was used to obtain a clone containing just gldB. The gldB gene was amplified using primers 5Ј-CAGGGATGTATATTTGCAG-3Ј and 5ЈT TATTGTATAAGCTTTTATTTCTTAGGTTT-3Ј (HindIII site [underlined] added) and cloned into the SrfI site of pCR-Script Amp SK(ϩ) to produce pDH242. The NotI-SalI fragment of pDH242, which contained gldB, was cloned into pCP11 to generate pDH243. To generate convenient restriction sites for subsequent cloning into pCP23, the BamHI-SalI fragment of pDH243 was cloned into BamHI-SalI digested pBC SK(ϩ) to produce pDH245. pDH245 was digested with KpnI and XbaI, and the gldB-containing fragment was cloned into pCP23, which had been digested with the same enzymes, to generate pDH246. pDH243 and pDH246 contain the entire gldB coding region and 89 bp of upstream DNA. Plasmid DNA was transferred to nongliding mutants by conjugation or electroporation as previously described (27) , and the transformants were plated on PY2 medium containing the appropriate antibiotic and observed for colony spreading.
Nucleic acid sequencing. Nucleic acid sequencing was performed by the dideoxynucleotide procedure with an automated sequencing system (Applied Biosystems). Sequences were analyzed with the MacVector and AssemblyLign software (Oxford Molecular Group, Campbell, Calif.), and comparisons to database sequences were made using the BLAST (3) and FASTA (33) algorithms. Pairwise sequence alignments were performed with the LALIGN program (20) .
Disruption of gldB. The suicide vector pLYL03 was used for insertional mutagenesis to disrupt the chromosomal copy of gldB in wild-type F. johnsoniae. pDH65, a plasmid generated during exonuclease deletion subcloning (see above), contained nucleotides 145 to 754 of the gldB coding region in pBC SK(ϩ). The gldB fragment of pDH65 was isolated following PstI-PvuII digestion. To generate convenient restriction sites for subsequent cloning into pLYL03, the 850-bp PstI-PvuII fragment containing 609 bp of gldB and 241 bp of pBC SK(ϩ) was cloned into PstI-SmaI-digested pBC SK(ϩ) to generate pDH226. pDH226 was digested with PstI and BamHI, and the 853-bp fragment was ligated into the Flavobacterium-Bacteroides suicide vector pLYL03 to produce pDH227. pDH227 was introduced into F. johnsoniae UW-101 by conjugation from E. coli S17-1. Insertion of pDH227 into the chromosomal copy of gldB was confirmed by Southern blot analysis of the resulting Em r colonies. Tn4351 mutagenesis. Tn4351 was introduced into wild-type F. johnsoniae by conjugation from E. coli HB101 as described previously (27) , except that 5 mM CaCl 2 was added to the CYE-2% agar conjugation medium. In some experiments, pEP4351 was used instead of R751::Tn4351⍀4 as the vector for Tn4351 mutagenesis, since this resulted in an increased efficiency of transposition. pEP4351 was transferred to F. johnsoniae from E. coli BW19851. Transconjugants were plated on PY2 medium containing erythromycin and incubated for 2 to 3 days at 25°C.
Expression and purification of recombinant GldB and GldC. A fragment coding for the C-terminal 155 amino acids of GldB was amplified by PCR with primers 5Ј-AATTATTTACTGCAGAATTTTGAGGAAAGA-3Ј (PstI site [underlined] added) and 5Ј-TTATTGTATAAGCTTTTATTTCTTAGGTTT-3Ј (HindIII site [underlined] added) and cloned into the SrfI site of pCR-Script Amp SK(ϩ) to produce pDH238. The gldB fragment was isolated from pDH238 as a PstI-HindIII fragment and was ligated into the expression vector pMAL-c2 cut with the same enzymes to generate pDH250. Fusion protein production was induced in E. coli DH5␣MCR by the addition of 0.3 mM isopropyl-␤-D-thiogalactopyranoside (IPTG).
The gldC gene was amplified by PCR with primers 5Ј-TAAACCTAAGAAC TGCAGTCAAATACAATA-3Ј (PstI site [underlined] added) and 5Ј-AAAAT ATTGAAGCTTCTATTATTTAGTCAG-3Ј (HindIII site [underlined] added) and cloned into the SrfI site of pCR-Script Amp SK(ϩ) to generate pDH240. gldC was isolated from pDH240 as a PstI-HindIII fragment and was ligated into the expression vector pBAD/His-C to produce pDH241. Fusion protein production was induced in E. coli LMG194 with 0.004% arabinose.
The GldB fusion protein was partially purified by preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein was visualized by CuCl 2 staining (24), the band was excised, and the protein was electroeluted for 16 h at 30 V into 0.1 M Tris-0.77 M glycine-0.4% SDS using an ISCO Little Blue Tank electroelutor. The recovered protein was dialyzed against 100 mM morpholinopropanesulfonic acid (MOPS) (pH 7.5) and used as the antigen. Recombinant GldC protein was purified by Ni 2ϩ affinity chromatography (Probond; Invitrogen) with a stepwise elution of 30 mM, 300 mM, and 3 M imidazole (pH 6.0). The recombinant GldC eluted in the final fraction.
Antibody production. The recombinant GldB and GldC proteins (100 g each) were mixed with an equal volume of Freund's complete adjuvant and injected into female New Zealand White rabbits. The animals were boosted with 20 to 50 g of protein in Freund's incomplete adjuvant every 4 weeks until test bleeds showed suitable reactivity with control proteins in Western blot assays. Affinity columns for purification of antisera were made by coupling 2 mg of recombinant GldB or GldC to 1 ml of Affi-Gel 15 (Bio-Rad). A 30-ml volume of heat-treated antiserum (56°C for 30 min, to inactivate complement) was passed over the appropriate affinity column. The column was washed with 10 ml of 100 mM MOPS (pH 7.5) followed by 4 ml of 0.5 M NaCl. Antibodies were eluted with 4 ml of 0.1 M glycine (pH 2.5) and immediately neutralized with 5 ml of 1 M Tris (pH 7.5).
Western blot analysis. Cells were grown to late log phase, pelleted, and lysed by incubation for 3 min at 100°C in SDS-PAGE sample buffer. Approximately 50 g (GldC) or 200 g (GldB) of total protein was loaded per lane. Protein was measured using the bicinchoninic acid reagent (Pierce Chemical Co., Rockford, Ill.). GldB preparations were separated by SDS-PAGE (12% acrylamide running gel, 4% acrylamide stacking gel) essentially as described by Laemmli (22) , and GldC preparations were separated by Tricine-SDS-PAGE (10% acrylamide running gel, 4% acrylamide stacking gel) using the method of Schagger and von Jagow (38) . Following electrophoresis, the proteins were transferred to polyvinylidene fluoride (PVDF) membranes (MSI) using a Bio-Rad TransBlot electrophoretic transfer cell as specified by the manufacturer. The blots were blocked with 5% skim milk in TBS (20 mM Tris hydrochloride [pH 7.5], 0.15 M NaCl) for 2 h at 25°C and then incubated for 4 h with antiserum diluted 1:1,000 in TBST (TBS, 0.5% Tween 20). The blots were washed three times with TBST and then incubated for 2 h with goat anti-rabbit immunoglobulin G-horseradish peroxidase conjugate (Boehringer Mannheim) diluted 1:10,000 in TBST. Antigens were detected using the enhanced chemiluminescence kit (Boehringer Mannheim) and Kodak X-Omat AR X-ray film.
Fractionation of cells. A 50-ml culture was grown to late exponential phase, and cells were pelleted by centrifugation at 7,000 ϫ g for 10 min. The cells were suspended in 20 mM sodium phosphate (pH 7.5) containing 10 mM EDTA and 1 mM o-phenanthroline and lysed by two passages through a French pressure cell. Unbroken cells and debris were removed by centrifugation for 10 min at 2,500 ϫ g. The cell extract was centrifuged for 60 min at 223,160 ϫ g or for 30 min at 352,900 ϫ g. The supernatant was retained as the soluble fraction, and the pellet was retained as the membrane fraction. The membranes were fractionated further essentially as described previously (12) by partial solubilization in 5 g of Sarkosyl per liter for 30 min at 25°C, followed by centrifugation for 60 min at 223,160 ϫ g. All steps of the fractionation were carried out at 0 to 4°C unless indicated otherwise.
Cell fractions were analyzed by Western blotting to determine the localization of GldB and GldC. Total-protein profiles of cell fractions were examined by SDS-PAGE followed by staining with Coomassie blue (37) . Cytochrome c (cytoplasmic membrane marker) was detected by SDS-PAGE followed by staining with 3,3Ј,5,5Ј-tetramethyl benzidine dihydrochloride for heme-associated peroxidase activity as described by Thomas (46) , except that 5% ␤-mercaptoethanol was included in the loading buffer. Lipopolysaccharide (LPS) (outer membrane marker) was detected by digestion with protease K, separation by Tricine-SDS-PAGE, and silver staining as described previously (43) .
Microscopic observations of cell movement and bead movement. Wild-type and mutant cells of F. johnsoniae were examined for movement over glass and agar surfaces by phase-contrast microscopy at 25°C using two different assays. Cells were grown to late exponential phase (about 3 ϫ 10 9 cells/ml) in CYE broth. To observe movement over glass, a drop of the cell culture was placed on a microscope slide, covered with an oxygen-permeable membrane (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio), which functioned as a coverslip, and examined by phase-contrast microscopy. To observe movement of cells on agar, 5 l of the cell culture was spotted onto a layer of PY2 agar on a microscope slide. The spot was allowed to partially dry (less than 5 min), after which it was covered with an oxygen-permeable membrane. After 1 h of incubation at 25°C in a moist chamber, the cells were examined by time-lapse videomicroscopy at 25°C. The videotape was played back at 60 times the recording speed to allow detection of slow or intermittent movements. We examined the ability of cells to bind to and propel 0.5-m polystyrene latex spheres (Seradyn, Indianapolis, Ind.) as previously described (2) .
Measurements of phage sensitivity. Sensitivity to F. johnsoniae phage was determined essentially as previously described by spotting 10 l of phage lysates (2 ϫ 10 7 phage/ml) onto lawns of cells in CYE overlay agar (50) . The plates were incubated for 24 h at 25°C to observe lysis.
Genetic nomenclature. Genes involved in gliding motility were given the name gld followed by a letter. Open reading frames (ORFs) of unknown function that did not exhibit strong similarity to previously described genes were given the provisional name fjo (for "Flavobacterium johnsoniae open reading frame") followed by a number.
Nucleotide sequence accession number. The sequence reported in this paper has been deposited in the GenBank database (accession no. AF158372).
RESULTS AND DISCUSSION
Construction of the F. johnsoniae-E. coli shuttle cosmids pCP22 and pCP26. The F. johnsoniae-E. coli shuttle cosmid pCP17 was recently developed as a vector to allow the construction of libraries of F. johnsoniae DNA (27) . Libraries produced in pCP17 can be propagated in E. coli and can be transferred into F. johnsoniae by conjugation. pCP17 was used to identify the gldA gene of F. johnsoniae, which restored motility to several nongliding mutants (2). pCP17 has one major drawback as a tool for cloning F. johnsoniae genes; it has a very high copy number in E. coli (greater than 100 copies per cell). This makes it difficult to use pCP17 to create random genomic libraries, since many genomic fragments of F. johnsoniae DNA appear to be toxic to E. coli when present in many copies (unpublished observations). For this reason, we constructed two new shuttle cosmids, pCP22 and pCP26 (Fig.  1) , as described in Materials and Methods. These vectors carry the RSF1010 origin of replication, which yields copy numbers of approximately 10 in E. coli (16) . Both vectors rely on the pCP1 (27) origin to replicate in F. johnsoniae (copy number, approximately 10/cell).
Complementation of nongliding mutants. To identify and clone genes involved in gliding motility, we constructed a library of wild-type F. johnsoniae DNA in pCP26 as described in Materials and Methods. The cosmid library was transferred to the nongliding mutant UW102-99, and we identified one colony that exhibited spreading. The cells of this colony carried the cosmid clone pCP200, which had a 26-kb insert of F. johnsoniae DNA. We introduced pCP200 into UW102-99 by electroporation and verified that pCP200 complemented the gliding motility defects of this mutant. All of the Em r colonies carrying pCP200 exhibited spreading, and individual cells exhibited rapid movement over glass or agar surfaces when examined by phase-contrast microscopy. pCP200 was introduced into each of 50 independently isolated nongliding mutants (listed in Materials and Methods). pCP200 complemented UW102-90, UW102-99, UW102-103, and UW102-154 but did not complement the other 46 mutants. UW102-99 was originally isolated by Chang et al. (8) as a nongliding mutant following nitrosoguanidine mutagenesis. The other three mutants were isolated as spontaneous mutants by selecting for resistance to phage (8) .
Subcloning of pCP200 and analysis of the gldBC sequence. The insert DNA in pCP200 was subcloned to determine which region was required for complementation. A 3.4-kb XbaI-SalI fragment of pCP200 was found to be sufficient for complementation of UW102-90, UW102-99, UW102-103, and UW102-154. This region was sequenced, and five ORFs (fjo5, gldB, gldC, fjo6, and fjo7) were identified (Fig. 2) . Further subcloning revealed that the 1.9-kb XbaI-ClaI fragment carried by pDH223, which spanned only the gldB and gldC genes, was sufficient for complementation. pDH223 restored full motility to UW102-90, UW102-99, UW102-103, and UW102-154.
gldB and gldC appear to be organized in an operon, with the translational stop codon of gldB overlapping the predicted translational start site of gldC. (48) . Both hydrophobic regions are relatively short, but their presence tentatively suggests that GldB may be a membrane protein. GldB exhibits weak but potentially significant similarity to the Clostridium thermocellum ␤-glucanase LicA (GenBank accession no. CAA61884) (27% identical over 105 amino acids) and to the putative ADP-L-glycero-D-manno-heptose-6-epimerase rfaD product from Aquifex aeolicus (10) (23% identical over 195 amino acids). Given these weak similarities, it is difficult to predict the function of GldB in gliding motility. Since both of the proteins mentioned are thought to interact with carbohydrates, it is possible that GldB interacts with, or is involved in production of, polysaccharides or glycoproteins. Polysaccharides and glycoproteins have previously been proposed to play roles in gliding motility (15, 19, 29, 31) .
gldC is predicted to code for a protein of 12.9 kDa, which appears to be relatively hydrophilic. GldC exhibits weak similarity to the fungal lectin AOL from Arthrobotrys oligospora (35) (34% identity over 62 amino acid residues). This level of similarity does not allow us to predict with any certainty the function of GldC but may indicate that it interacts with carbohydrates.
Analysis of the region surrounding gldBC. fjo5 lies upstream of gldB and is oriented in the opposite direction (Fig. 2) . We do not know the entire sequence of this putative gene, but analysis of the first 216 nucleotides of fjo5 indicates that its protein product is similar to the amino terminus of a putative ATP pyrophosphatase of Mycoplasma capricolum (38% identity over 54 amino acid residues) (6) and to several putative NH 3 -dependent NAD synthetases such as nadE from Archaeoglobus fulgidus (38% identity over 42 amino acid residues) (21) . fjo6 and fjo7 lie downstream of gldC. The predicted protein products of fjo6 and fjo7 are not very similar to protein sequences in the databases. We do not have any evidence that fjo5, fjo6, and fjo7 are involved in gliding motility.
Characterization of point mutations in gldB. To determine the nature of the mutations in the four mutants UW102-90, UW102-99, UW102-103, and UW102-154, we amplified the gldBC region from each mutant by PCR and determined the nucleotide sequences. Each mutant contained a single-base change within gldB. The mutations in UW102-90 (A612T; numbered starting from the first nucleotide of the gldB start codon) and UW102-154 (G375T) introduced translational stop codons at amino acid positions 205 and 126, respectively. These mutations completely disrupted gliding motility. UW102-99 carried a mutation (C820T) resulting in a proline-to-leucine change at position 274. This mutation also completely disrupted gliding motility. The mutation in UW102-103 (T424G) resulted in a valine-to-glycine change at position 142. In the course of this analysis, we determined that UW102-103 was not completely deficient in gliding motility. Colonies of UW102-103 did not spread, but individual cells occasionally exhibited brief gliding movements over glass or agar surfaces as observed by microscopic analysis. These motile cells were probably not revertants, since we observed the same result with cells that were derived from a freshly isolated nonspreading colony of UW102-103. Apparently the valine-to-glycine mutation at position 142 results in a defective GldB protein but does not completely disrupt the ability of the protein to function in gliding motility.
Isolation of Tn4351 induced gldB mutants. In an independent attempt to identify gliding-motility genes, we isolated nongliding mutants following Tn4351 mutagenesis. A total of 211 mutants which formed nonspreading colonies were isolated; of these, 161 exhibited some gliding motility when movement of single cells was examined by phase-contrast microscopy. The remaining 50 mutants were nongliding (colonies failed to spread, and individual cells failed to glide over glass or agar surfaces). Of these, 30 exhibited a filamentous phenotype characteristic of a cell division defect whereas the remaining 20 had normal cell morphology. We examined these 20 nongliding mutants to determine whether any of them carried insertions in the gldBC region. Introduction of pDH233, which carries the wild-type gldBC genes, restored motility to 5 of the 20 mutants as measured by colony spreading and by observations of singlecell motility. The exact sites of insertion of Tn4351 in the five mutants were determined by cloning the disrupted genes or by amplification of the regions surrounding the transposons from chromosomal DNA and sequencing the cloned or amplified DNA. The five insertions were all unique, and all occurred within the gldB gene (Fig. 2) . gldB appears to be a hot spot for transposition by Tn4351. While insertions in gldB accounted for 5 of the 20 Tn4351 induced nongliding mutants, insertions in gldA were responsible for only 2 mutations. Of the remaining 13 mutants, 2 had insertions in a gene that we refer to as gldD (M. J. McBride and D. W. Hunnicutt, unpublished data) and the rest had insertions that each appeared to be in other ORFs. gldA, gldB, and gldD do not appear to be closely linked on the F. johnsoniae genome.
gldB and gldC appear to be organized as an operon. Sequence analysis suggested that gldB and gldC were arranged as an operon. To test this prediction, we constructed the gldB mutant CJ588 by recombining pDH227 into the chromosomal copy of gldB as described in Materials and Methods. Antibodies were raised against recombinant GldB and GldC proteins and were used to detect GldB and GldC in extracts of wild-type and mutant cells by Western blot analyses. Antibodies against recombinant GldB recognized GldB protein in wild-type cells but not in CJ588 cells (Fig. 3A, lanes 1 and 2) . Similarly, antibodies against recombinant GldC recognized GldC protein in wild-type cells but not in CJ588 cells (Fig. 3B, lanes 1 and 2) . The polarity of the insertion in gldB on expression of gldC indicates that gldB and gldC probably are cotranscribed as an operon, as predicted by sequence analysis. Surprisingly, none of the Tn4351 gldB mutations were polar on gldC (Fig. 3B,  lanes 5 and 6, and data not shown) . Approximately wild-type levels of GldC were produced by each of the Tn4351-induced gldB mutants. The mutations included examples of insertion of Tn4351 in either orientation. It has been previously reported that Tn4351 has promoters reading out of both sides that function in Bacteroides fragilis (41) . The recognition of these promoters by F. johnsoniae RNA polymerase probably explains the lack of polarity of the Tn4351-induced gldB mutations.
GldB is required for gliding motility. Cells of wild-type F. johnsoniae move over glass or agar surfaces and form spreading colonies on PY2 agar (Fig. 4A) . CJ588 carries an insertion of the plasmid pDH227 in the chromosomal copy of gldB and failed to make detectable levels of GldB or GldC protein (Fig.  3, lanes 2) . Cells of CJ588 did not move over glass or agar surfaces and formed colonies that did not spread (Fig. 4B) . Introduction of pDH233, which carries the gldB and gldC genes, into CJ588 restored its ability to produce the GldB and GldC proteins (Fig. 3, lanes 4 ) and resulted in complementation of the motility defect. Individual cells displayed gliding movements, and colonies spread nearly as well as those of wild-type cells (Fig. 4C) . Introduction of pDH246, which carries only the gldB gene, restored production of GldB protein but not of GldC protein (Fig. 3, lanes 3 ) and resulted in partial restoration of gliding motility and colony spreading. Individual cells exhibited gliding movements indistinguishable from those of wild-type cells, but colonies spread less well than those of the wild type or of CJ588 complemented with pDH233 (Fig.  4D ). This indicates that GldC is not absolutely required for gliding motility but that the presence of GldC enhances colony spreading.
Cellular localization of GldB and GldC. Sequence analysis suggested that GldB may be a membrane protein while GldC is probably a soluble protein. To test this, cell extracts were separated into membrane and soluble fractions by ultracentrifugation. The cell fractions were analyzed by SDS-PAGE followed by Western immunoblotting using antisera against recombinant GldB or GldC. As shown in Fig. 5 , GldB localized to the membrane fraction while GldC was found in the soluble fraction, as predicted.
Differential solubilization of cytoplasmic and outer membrane components by Sarkosyl was used to determine the location of GldB. This method relies on the resistance of outer FIG. 3 . Western immunoblot detection of GldB and GldC in wild-type and mutant strains of F. johnsoniae. Cells were lysed in SDS-PAGE loading buffer, and proteins were separated by SDS-PAGE and transferred to PVDF membranes. GldB (A) and GldC (B) were detected using antisera raised against recombinant GldB or GldC proteins, respectively, as described in Materials and Methods. Lanes: 1, wild-type F. johnsoniae; 2, gldB insertional knockout mutant CJ588; 3, CJ767 (CJ588 complemented with pDH246, which carries gldB); 4, CJ594 (CJ588 complemented with pDH233, which carries gldB and gldC); 5, Tn4351-induced gldB mutant CJ562; 6, Tn4351-induced gldB mutant CJ567.
membranes to solubilization by Sarkosyl (12) . This procedure was chosen since it has proven difficult to separate the cytoplasmic and outer membranes of F. johnsoniae ATCC 17061 by standard gradient centrifugation methods (14) . As shown in Fig. 6 , Sarkosyl solubilization appears to be an effective method to fractionate cytoplasmic membrane (Sarkosyl soluble) and outer membrane (Sarkosyl insoluble) components of F. johnsoniae. Cytochrome c was used as a cytoplasmic membrane marker. c-type cytochromes are generally found in the cytoplasmic membrane or periplasm of respiratory gram-negative bacteria (47) . c-type cytochromes are unusual in that they have covalently attached heme (47) . They can be detected by separating proteins by SDS-PAGE and staining for heme (34) . A band corresponding to a c-type cytochrome was detected in the Sarkosyl-soluble (inner membrane) fraction, but none were detected in the Sarkosyl-insoluble (outer membrane) fraction (Fig. 6B) . In contrast, LPS was detected only in the Sarkosylinsoluble (outer membrane) fraction (Fig. 6C, lane 2) . These results confirm that differential solubilization in Sarkosyl appears to fractionate the membranes of F. johnsoniae into cytoplasmic membrane and outer membrane fractions. Western blot analysis of these fractions indicated that GldB was present in the Sarkosyl-soluble fraction (Fig. 6D, lane 2) . This suggests that GldB resides in the cytoplasmic membrane.
Phage resistance of gldB mutants. Many nongliding mutants of F. johnsoniae are resistant to infection by a number of F. johnsoniae bacteriophages (49) . The reason for this pleiotropy is not known. It has been suggested that these phages are able to infect only cells which have an actively moving surface (8) . The moving components of the cell surface may be needed directly for adsorption of phage or for uptake of phage nucleic acid into the cell. Alternatively, the adsorption sites on the cell surface may be covered by a layer of polysaccharide or other material in nonmotile mutants. Motile cells may keep this material moving, thus transiently exposing the sites beneath for viral adsorption. We tested the sensitivity of F. johnsoniae strains UW101, CJ588, and CJ767 (CJ588 complemented with pDH246) to the F. johnsoniae bacteriophages Cj1, Cj7, Cj13, Cj23, Cj28, Cj29, Cj42, Cj48 and Cj54. F. johnsoniae UW101 was readily lysed by these phages, whereas the nongliding mutant CJ588 was not lysed. Introduction of pDH246 into CJ588 restored sensitivity to each of these phages 5 . Localization of GldB and GldC. Cells were grown to mid-exponential phase, concentrated by centrifugation, and disrupted by passage through a French pressure cell. Unbroken cells and debris were removed by centrifugation at 2,500 ϫ g for 10 min. Insoluble material was pelleted from the supernatant fraction by centrifugation at 352,900 ϫ g for 30 min. The pellet was dissolved in 10 mM Tris buffer (pH 7.5), and the proteins in both the 352,900 ϫ g pellet (lanes M) and supernatant (lanes S) fractions were separated by SDS-PAGE and transferred to PVDF membranes. GldB (A) and GldC (B) were detected using antisera raised against recombinant GldB or GldC proteins, respectively. in addition to restoring gliding motility. These results are essentially identical to those observed for gldA mutants (2) .
Movement of latex spheres by gldB mutant cells. Wild-type cells of F. johnsoniae in liquid suspension bind latex spheres on their surfaces and propel them along the length of the cells (23, 30) . The spheres appear to move along multiple tracks. They may change their direction of movement, and two spheres near each other on the same cell may move in the same direction or in different directions. Spheres move at approximately the same speed as cells move over surfaces, which suggests that sphere movement is related to gliding motility.
We examined the ability of cells of F. johnsoniae strains UW101, CJ588, CJ767 (CJ588 complemented with pDH246), and CJ594 (CJ588 complemented with pDH233) to bind and propel latex spheres. Wild-type cells bound and propelled the spheres. Cells of the gldB mutant CJ588 were rarely observed to bind the spheres and were never observed to propel them. Cells of CJ767 and CJ594 bound and propelled the spheres as well as wild-type cells did. These results are essentially identical to those observed for gldA mutants (2) .
Models to explain F. johnsoniae gliding motility. A number of models have been proposed to explain bacterial gliding motility (7, 19, 23, 29, 42, 51) . It is possible (perhaps likely) that different mechanisms function in different groups of bacteria. F. johnsoniae gliding motility is thought to be powered by proton motive force (30) . It is also known that exocellular or cell surface polysaccharides are important for gliding motility of F. johnsoniae and other unrelated bacteria (13, 15, 29, 51) . These may play a passive role in mediating productive contact of F. johnsoniae cells with the substratum. Sulfonolipids, which are localized in the outer membrane, have also been demonstrated to play a role in F. johnsoniae gliding motility (1, 14) . The available evidence supports a model of F. johnsoniae motility that involves the movement of macromolecules in or along the outer membrane along tracks that may be fixed to the peptidoglycan (23) . Additional components in the periplasm and cell membrane are postulated to harvest the proton motive force and perform the work necessary to move these macromolecules. The outer membrane molecules may be proteins or glycoproteins. Others have postulated that extrusion of polysaccharide could directly propel cells (19) . This would seem to be an unlikely mechanism for F. johnsoniae gliding motility. Cells of F. johnsoniae in nonnutrient buffer remain actively motile for hours (8) . It is unlikely that cells could make sufficient polysaccharide from their cellular reserves to continually propel themselves for such extensive periods by simple extrusion of polysaccharide.
The mechanism of F. johnsoniae gliding motility remains unclear. We previously identified one gene, gldA, which is required for gliding motility (2) . In this paper we have identified two additional genes that are involved in gliding motility. gldB is required for F. johnsoniae gliding motility, but the exact role that GldB plays in this process is not known. GldC enhances colony spreading but is not absolutely required for gliding motility. GldB and GldC exhibit slight similarity to proteins that interact with carbohydrates. Polysaccharides and glycoproteins have been proposed to play roles in gliding motility, and so proteins required for gliding motility that are involved in polysaccharide synthesis, glycoprotein modification, or binding to carbohydrates might be expected. The weak similarities that GldB and GldC exhibit to their potential homologs prevent us from drawing strong conclusions regarding the functions of these proteins in gliding motility. The identification of components of the gliding-motility apparatus that do not exhibit strong similarity to proteins in the databases is not surprising. The mechanism of F. johnsoniae gliding motility is not understood, and it may be unrelated to (or distantly related to) processes that occur in other bacteria that have been extensively studied. Further studies of GldA, GldB, and GldC and of the other proteins that are involved in F. johnsoniae cell movement should help to clarify the mechanism of gliding motility.
